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We present a pair of nonorthogonal tight-bindifid3) models for germanium within the NRL-TB approach.
One uses asp® basis, and is optimized for total-energy calculations by fitting to the total energy and band
structures of several high-symmetry lattice structures. The other useg®dn basis to accurately reproduce
the diamond lattice band structure, including three conduction bands. We present testsp3ftBemodel on
bulk properties, including high-symmetry lattice structure energies and volumes and the diamond lattice elastic
constants, phonons, and band structure. We also present results for point defect formation and relaxation
energies and low index surface energies and stresses, many of which have not been calculated using the
density-functional theoryDFT), as well as some medium size clusters. Taking advantage of the computational
efficiency of the TB approach, we go beyond the capabilities of standard density-functional theory, combining
it with molecular dynamics to simulate finite temperature properties of Ge. We get good agreement with
experiment for the atomic mean-squared displacement and the melting point approximated using the Linde-
mann criterion, as well as the linear thermal-expansion coefficient. In another demonstration of the efficiency
of the TB approach, we present results for the structure and electronic properties of a high angle twist grain
boundary(GB). In agreement with DFT simulation we see a range of structures with comparable energies, all
with electronic states deep in the band gap. In contrast to previous work we find some different geometries with
perfect fourfold coordination of all atoms in the GB. Despite the perfect coordination, these structures also
have deep electronic states in the gap, indicating that the GB will be electrically active.
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[. INTRODUCTION to which it is fitted, including the valence bands and the
lowest few conduction bands. While this model could also be
The tight-binding(TB) approach to total-energy calcula- used for total-energy calculations, doing so would be much
tion is one of the simplest methods that explicitly treats themore computationally expensive than with ts@® basis
guantum-mechanical nature of electrons that form intermodel, and the energies, which depend only on occupied
atomic bonds. It is much faster than the first-principles ap-orbitals with little d character, would not be significantly
proaches, while keeping enough of the essential physics timproved. Therefore for thesp®d® basis model we only
be more reliable than the empirical interatomic potentialspresent the band structure, and only band structure related
TB methods have been developed for a wide range of mateesults are computed using this model.
rials, from metals to semiconductordiVhile most of the The TB formulation uses parametrized relations to de-
work on models for semiconductors has concentrated on siliscribe the electronic Hamiltonian and overlap matrices. In
con and carbon, there has been less development of TB totahe NRL-TB formulation used for this TB model, the param-
energy models for germaniufn® There are a number of eters are determined by fitting a combination of band struc-
models that focus entirely on the band structt™@and sev- tures and energies to first-principles calculations. The TB
eral aimed at the energetics of small clusters. Thus far therapproach is more computationally economical than first-
has been relatively little emphasis, both in the fitting data angbrinciples approaches both because it uses a much smaller
the published results, on bulk energetics beyond a few simplbasis and because it makes various approximations as to the
tests of high-symmetry bulk phases and phonon frequenciesature of the Hamiltonian matrix that characterizes the elec-
In this work we present a pair of nonorthogonal TB modelstrons. In addition, because the TB approach uses localized
for Ge using the formalism of the NRL-TB methét:>The  orbitals, it is also more amenable for use with linear-scaling
first model uses arsp® basis, and is optimized for total- methods for computing energies and forces than typical first-
energy calculations. All of the results we present that requirgrinciples methods. While it is much faster than first-
total energy or atomic force or stress calculations are donprinciples approaches, the TB method is still significantly
using this TB model. We present tests of this model on bulkmore computationally demanding than methods using em-
phase energetics, elastic and vibrational properties, point deirical interatomic potentials. However, it is more reliable
fects energies and structures, low index surface propertiethan the non-quantum-mechanical methods, especially far
and cluster energies and structures. We have tested the éfem equilibrium or far from the geometries that were used
fects of charge self-consisten@@SCO on this model using a in the fit. In addition, it is easier to include electron CSC
method based on a recent formulation for including CSC ireffects in TB methods, and unlike any method that does not
the TB approach® While we find no significant changes to explicitly treat the electrons, TB methods can provide elec-
any of the bulk or point defect results, the surface propertiesronic structure information as well as total energies and
are modified considerably. The second model usespdd®  forces.
basis that is needed to accurately represent the band structureln Sec. Il we discuss the functional form of the expres-
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sions that contribute to the model, and the database of firsfunctional theory double-counting terrfs?>?® The TB
principles calculations used in the fit. In Secs. lll, IV, V, and model energy is fitted to the FPLAPW total energy, and the
VI we present zero-temperature results for bulk, point defectTB model eigenvalues are fitted to the shifted MTAPW band
surface properties, and clusters, respectively, and in Sec. VHtructure for the diamond lattice. Trsp3d® model is fitted
we present results for some finite temperature properties. Wasing 69 parameters to the band structure of the diamond
discuss results of our application of these models to thdattice at nine volumes ranging from 19.7 £ 24.0 &.
structural and electronic properties of a high angle twist To improve the band-structure fit of both tls®® and
grain boundary in Sec. VIIl, and in the final section we givesp®d® models some symmetry information is used at two
some concluding remarks. high-symmetry points in the Brillouin zon@Z) of the dia-
mond lattice, thd™ and L points. At these twdk points the
matrix is block diagonalized into bands with appropriate
symmetries and degeneracies, four eigenvalues dt fhant

The TB model we present uses the NRL-TB frameworkand five eigenvalues at thepoint. This allows us to fit each
previously used for silico® In this approach, the electronic TB model band to the appropriate APW band, rather than
energy is defined as a sum over occupied eigenvalues that dttst assuming that the ordering of the TB bands is the same
the solution to a generalized eigenvalue problem. The Hamilas the APW ordering. In fact, our experience is that for many
tonian (H) and overlapS) matrices are written in aap® or otherwise reasonable TB model parameter sets this is not the
sp’d® basis centered around each atom. The off-diagbhal case. The parameters resulting from the fit, in the same no-
andS matrix elements are defined in the two-center approxidation as Ref. 12, are listed in Tables | and“l.
mation, i.e., they are dependent only on the relative positions The CSC effects discussed in Sec. V are included through
of the two interacting atoms. The diagommatrix elements ~ an approach quite similar to the work of Elstreral."® The
are written as a function of the local atomic density that istotal energy is written as an eigenvalue sum plus an electro-
dependent on the distances from the atom to its neighborstatic contribution, computed by assigning a charge to each
This creates an explicit environment dependence in the diagitomic site using a Mulliken population analysis. The result-
onal matrix elements. ing expression for the total energy is

The functions describing the distance dependence of the
off-diagonalSandH matrix elements, as well as the diagonal
H matrix elements, are parametrized in the same way as our ETP= Z flei)e +§ %‘3 YapAdaAdg- @
previous work on St?'*using 41 parameters. These param-
eters are used to fit thep® model to the total energies and As in Eq.(19) of Ref. 13,N is the number of basis elements,
band structures of a number of bulk structures: diamond; is the eigenvalue of statef(e) is the Fermi functionNp
(DIA), simple cubic(so), body-centered cubi¢bcc), face- is the number of atoms\q, is the local charge at atom,
centered cubicfcc), and the diamond structure with a dis- and y,; gives the Coulomb interaction between charges on
tortion corresponding to the Raman phonon. To create thatomsa and 8. In our work the net chargéhe Mulliken
fitting data each structure is simulated at a range of atomicharge minus the nuclear core chardge assumed to be
volumes, about 13.5-24.03Afor the DIA structure and spread out in a Gaussian charge-density profile in contrast to
about 15-21 A for the other three structures. At each vol- the exponentially decaying charge density used in Ref. 13.

II. FUNCTIONAL FORM AND FITTING

N Na

. (2

ume the full-potential linearized augmented plane-wavelsing the work of Shavitf® it can be shown that the width
method (FPLAPW) is used to compute energies and theof the charge distribution is determined by its onsite Cou-
muffin-tin augmented plane-wave meth@dTAPW) is used  lomb energyJ,, so that the normalized charge distribution is
to compute band structurés;®

Generating our LAPW database we were presented with Ui 32 T
the well-known problem that scalar relativistic calculations Pa)=| 5 exp( - Uar
do not give an energy gap in Ge. The stBte switches with
theI',5 and closes the gap completely at fhgooint. It has ~ This gives the matrixy,z a different functional form as a
been showt? that a nonrelativistic calculation pushes the function of distance between atomsand 3 than in Eq.(17)
I',, state upward and creates a small gap of 0.26 eV. Tof Ref. 13. After significant simplification of the expressions
create a robust TB parametrization we use the band stru¢abulated by Shavitt the resulting value foly,p is
tures from the nonrelativistic calculations, but use the more

accurate scalar relativistc FPLAPW total-energy values. 1 1

Furthermore, conduction bands are then shifted rigidly to ‘yaﬁzz —+Ua6a,3—2 —
approximately match the band gap, which is underestimated g Rap s [ Rapr

by the local-density approximatioLDA) to density- 2

functional theory(DFT), to the experimental vall€:*! One 1 orfl ~ /T UaUpg R 3)
of the features of the NRL-TB method is that the TB model Roapr 2\ U2+ Uz ap’ |’

is fitted to first-principles band structures that contain all of
the information needed to compute the total energy. This isvhereR,z: is the distance from atora to the periodic im-
done by shifting the first-principles eigenspectrum by an apage of atomg, and the sums are carried out over all of the
propriately normalized quantity related to the density-periodic images of aton except whereR,,z: is zero. The
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TABLE |. Parameters for Gep® basis nonorthogonal tight-binding model.

Onsite parameters

A\ 1.1563

Orbital a (Ry) B (Ry) v (Ry) x (Ry)

S —0.1651 0.4169 —94.7331 1317.1121
0.2001 8.8689 —132.9293 470.2755

Hamiltonian matrix parameters

Interaction a (Ry) b (Ry/a.u) ¢ (Ry/a.u?) g (a.u.'?

Hser 583.7307 —111.8091 —22.9811 1.3251

Hspo 12.5370 —5.6445 0.4230 0.8631

Hopo —19.7343 2.1006 1.4542 1.0073

Hopr 2004.8465 —1054.6059 137.1944 1.3847

Overlap matrix parameters

Interaction t(au. b q(a.u.? r(au.”®) u (a.u."?

S —0.7513 0.4634 —0.0503 0.8028

Sspo —2.0975 1.5437 —0.1781 0.9118

Sope —25.5413 14.0312 —1.8615 1.0599

Sopr —1.2532 0.8381 —0.0812 0.8325

first sum is evaluated using an Ewald techni@Ueshile the  scissor-shifted MTAPW valyefrom the valence-band’
second sum is short ranged and can be evaluated by expligitaximum to the conduction-barid minimum and a direct
summation. gap of 0.86 eV al’, the TB model has an indirect band gap
The electrostatic term in the total energy leads to a modiof 0.36 eV from thel” point to theL point, while the direct
fication of the eigenvalue equation that depends on the elegap atl’ is 0.94 eV. The description of the conduction band
tronic occupation. We solve the resulting self-consistent eiin the sp’d® model is better, particularly at th& and W
genvalue problem using the modified Broyden method ofoints, but also in the quantitative value of the band gap. In
Johnsorf” Since the structures used in the fit of the param-this model, which was designed for band-structure related
eters are all high-symmetry lattices, they will, by construc-Studies, there is an indirect gap frato L of 0.67 eV, in
tion, have no contribution from the CSC terms. Therefore Very good agreement with the scissor-shifted MTAPW value,
the addition of these terms will not affect the computed prop&"d @ direct gap al’ of 1.07 eV, a small but significant

- . 3 5 .
erties of any of the structures used in the fit or the best-fit sepverestimate. In addition, trep°d> model gives a good rep-
of parameters resentation of the lowest three conduction bands fitted.

Higher conduction bands cannot be treated by this model
because a one-to-one correspondence with MTAPW results
would require an additiona basis orbital. The correspond-
ing densities of states, including the decomposition 8to

We begin by presenting the results of our TB models forandd contributions are plotted in Fig. 2. The total densities
properties of bulk phases of Ge. Some of these propertiesf states are in good agreement up to about 7 eV above the
were included in the fit, specifically the band structure andsalence-band maximum, consistent with the good band-
the total energy of the DIA structure, and the energies of th&tructure fit. In addition, the decomposition irgop, andd
sc, fce, and bcec structures as well as the Raman phonagontributions, which contains information about the eigen-
frequency. We also compute the energies and equilibriunvectors that was not fitted, is in very good agreement in the
volumes of a number of additional low-energy structures forvalence band, although the contribution frdrorbitals in the
Ge not included in the fit, as well as phonon frequencies abottom of the conduction band is underestimated by the TB
some high-symmetry points, and the elastic properties of thenodel.
diamond structure. The high degree of symmetry of all of The total energies as a function of volume for the bulk
these structures means that none will be affected by the CS&ructures used in the fit are plotted in Fig. 3 together with
terms, and so these are not used in any of the calculatiortae LAPW results to which they were fitted. It is clear from
discussed in this section. the plot that the total-energy fit for these structures is good.

The band structures computed with §* andsp®d® TB  The equilibrium total energies and structures for a number of
models are plotted in Fig. 1, together with the scissor-shiftedbulk phases were computed by minimizing the total energy
MTAPW band structure for comparison. The fit of ta@®>  with respect to unit-cell size and shape, and with respect to
model for the valence band, which contributes to the totathe internal degrees of freedom. The energy, volume, and
energy, is very good. The fit for the conduction band, whileunit-cell structural parameters are listed in Table IlI. For the
qualitatively reasonable at least for the lowest two bands, iphases that were in the fitnarked with an asterisk in the
less accurate. Instead of an indirect gap of 0.70 (#\¢ table), the agreement is quite good. For the most important

Ill. BULK PROPERTIES
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TABLE II. Parameters for Gep®d® basis nonorthogonal tight-binding model.

Onsite parameters

A 1.1460
Orbital a (Ry) B (Ry) v (Ry) x (Ry)
S —0.1521 0.4024 —98.4027 1216.2967
p 0.1771 8.4931 —135.2850 586.5797
d 0.7974 10.3844 191.6903 —499.8657
Hamiltonian matrix parameters
Interaction a (Ry) b (Ry/a.u) ¢ (Ry/a.u?) g (a.u."?
Hssr 732.7203 —116.8840 —27.6353 1.3212
Hepo 12.9676 —5.6016 0.3728 0.8719
Hppo —20.1730 1.8390 1.3691 1.0235
Hopr 2112.4087 —1045.6335 134.1094 1.3597
Hsdo —1.2543 —0.0608 0.0358 0.6912
Hpdo —1173.1549 128.9283 39.8097 1.3063
Hodn 1.6742 0.2284 —0.0246 0.7920
Hado —1.3554 0.1931 0.0265 0.5823
Hadr -3.1321 —-0.1873 0.0261 0.6370
Hads —2469.4178 —42.4797 431.5692 1.4323
Overlap matrix parameters
Interaction t(a.u.b) q(a.u? r (a.u.”3) u (a.u."?
S —0.0123 0.4949 —0.0685 0.8978
Sspo —1.8880 1.5813 —0.1682 0.8948
Sope —28.7778 13.8696 —1.7678 1.0013
Sop —0.9096 0.8928 —0.0903 0.8349
Ssdor —6.7339 0.3042 0.1161 1.0784
Spdo 0.0393 0.0282 —0.0037 0.4805
Spdn 0.6969 —0.1259 0.0236 0.8570
Sdde —32.5704 2.3983 1.0705 1.0716
Sida 8.3475 —0.4413 —0.9967 1.0940
Sdds 4.2025 0.6216 —0.1319 1.0207

high-pressure phase, the-Sn phase, as well as for the mental volume of 45.08 Katom. As a test of another aspect
simple hexagonalsh structure agreement is also good. Forof the elasticity of the material we computed the phonon
the other phases where DFT calculations are availablespectrum along the high-symmetry directions of the vibra-
h-DIA, and bc8, agreement is reasonable, and in every cag@nal Brillouin zone of the diamond lattice using the frozen
the energy is higher than that for the experimental grounghonon method® The results, as well as first-principles cal-
state, the diamond structure. One important note is that ther@ulations and experimental measurements, are plotted in Fig.
are two very different values in the literature for the body4. Agreement with experiment and with DFT calculations is
centered 8 atortbcd structure minimum energy and relaxed again reasonable, comparable to the elastic constants.
volume. Although the total-energy difference relative to the
diamond structure is overestimated by the TB model, it is IV. POINT DEFECTS
much closer to the results of Mujica and Needs than to the Ppoint defects are one of the major sources of disorder in
work of Crainet al % semiconductors, since they are thermodynamically favored
The elastic constants of the diamond structure lattice weréo exist with finite concentration at finite temperature. They
calculated by applying appropriate deformations to the strucmediate diffusion in the solid, since the stiffness of the per-
ture, relaxing with respect to the internal degrees of freedonfect diamond lattice makes it nearly impossible to diffuse
and computing the relaxed energy. The energy as a functiowithout defects. Point defects can therefore have a significant
of deformation was fitted to a quadratic expression to detereffect on dopant profiles. We have calculated the energies
mine the elastic modufi® and the results are listed in Table and structures of several plausible point defects in Ge. These
IV. The elastic constants of the TB model are in reasonablealculations include the vacancy, as well as three self-
agreement with DFT/LDA calculations, although the shearinterstitial positions, the tetrahedral, hexagonal, &hd0)
modulus c,, is significantly overestimated. The elastic dumbbell interstitials. All the calculations were done in a 216
moduli are moderately sensitive to the unit-cell volume, asatom cubic supercell at the equilibrium lattice constant, sam-
can been seen by the softening of the lattice at the experpling the Brillouin zone at thd” point. The ideal defect
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FIG. 1. Four valence and three conduction bands for the diadatabase.
mond lattice using the Gep® (top panel andsp3d® (bottom panel

TB models (solid lines and scissor-shifted MT-APW first- (110) surfaces of Ge. The results are summarized in Table
principles calculatlor(sym_bols). All energies are computed relative y/| The effects of CSC on the surface properties, which are
to the valence-band maximum. quite large in some cases, are discussed below.

. . . . There are only a few first-principles calculations of Ge
geometries were perturbed slightly by randomly d'smacmg?urface energies and stres$&s’ and it is difficult to obtain
each atom, and relaxed using a conjugate-gradient algorithm. . 9 ' :
The ideal and relaxed formation energies of the defects ar& 20l€ experimental data for these properties. For the geom-
listed in Table V. Despite the relatively low symmetry of the etries and reconstructions where first-principles calculations
point defect geometries and the presence of inequivalent afiave been published, the TB model is in reasonable agree-
oms, we found only negligible effects from the inclusion of Ment. Qualitative aspects, including the energy ordering of
CSC. Presumably the insensitivity of the calculation to CSC(100) vs (111), and at least the sign and magnitude of the
is due to the low level of charge transfer even in the noninsurface stress for the (111) clean ahgl adatom covered
teracting electron calculation. Since no formation or relax-réconstructions, are all reproduced by the TB model. The
ation energy changed by more than 0.1 eV, we do not includuantitative agreement is not as good, with the TB model
the CSC terms in any of the results presented in this sectiodnderestimating the energy gain upon dimerization of the
For the most part the relaxed point defects keep the sym100) surface, and overestimating the energy gain for buck-
metry of the unrelaxed defects. The atoms neighboring théng of the dimers. While no specific comparison has been
vacancy relax inward, reducing their distances from 3.95 Amade for Ge, surface properties, particularly surface stresses,
to 3.48 A. The tetrahedral interstitial makes two 2.42-Ahave been a problem for empirical interatomic potentials for
bonds and two 2.50-A bonds, only slightly deviating from its other semiconductors such as silicrit is reassuring that
initial symmetry. The hexagonal interstitial maintains six our TB model, despite having been fitted to a rather different
bonds of length 2.50 A. Thé110) interstitial, analyzed in  Set of geometries, is transferable to the low coordination and
detail in Ref. 32, has a structure similar to that of the DFT/large bond distortions present at the surface.
LDA simulation. The dumbbell atoms form 2.59-A bonds While almost all of the surface energies and stresses we
with their noninterstitial neighbors, quite close to the DFT/computed are of comparable magnitude to DFT/LDA calcu-
LDA result. The main difference is that the intradumbbell lations and to each other, the (110) surface stress stands out.
bond is 2.49 A in the TB model result, significantly shorter In addition, the structure of the (110) surface is quite un-
than the 2.60 A found in the DFT/LDA work. The relatively usual: the bonds connecting the surface atoms to the subsur-
high symmetry of three of the structuréhe vacancy, tetra- face layer are 2.74 A long, as compared with a bond length
hedral and hexagonal interstitiais quite different from the ~ of 2.43 A in the bulk. Such long bonds are not seen in any
results for the NRL-TB model for Si. This shows the emer-0ther surface structure, nor have they been seen in any first
gence of reduced directionality and increased tendency tBrinciples or experimental study of semiconductor surfaces

metal-like properties for Ge as Compared with Si. that we are aware of. One Ilkely reason for the behavior of
the TB model is the neglect of charge-charge interactions.
V. SUREACES Since the surface atoms are in a very different environment

that even the first subsurface layer, significant charge transfer
Semiconductor surfaces govern the deposition and growtto or from surface states could dramatically change the inter-
properties of these technologically important materials. Theatomic bonding. The changes in the surface energies,
geometries present at surfaces, characterized by lower coatresses, and structures due to the inclusion of CSC terms in
dination and significant bond-angle distortions relative to thehe calculation allow us to gauge the extent of such charge-
bulk, are quite different from the structures used to fit the TBtransfer effects.
model. As a more stringent test of the transferability of the A comparison of the TB and TB-CSC values in Table VI
model, we compute the surface energies and stresses fehows that the importance of charge-transfer effects varies
some low-energy reconstructions of the (111), (100), andjreatly between the different properties and structures. The
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TABLE V. Elastic constantgin GPg for the diamond structure
computed with the TB model at the equilibrium volurwg,, the

9 0.8 SC — :,_ TB model at the experimental volum&,,,, plane-wave pseudopo-
°>\“ 06| & BCC —-o—- ] tential DFT/LDA calculationgRef. 59 our LAPW DFT/LDA cal-
2 \ 2 culations atV.q, and experimen(Refs. 60,6).
Z 047 -
Elg 02| ] B DFT/LDA Exp.
w . s aaa/ Veq Vexp PP LAPWV,
12 14 16 18 20 22 24 26 28 B 66.6 57.7 72 77.9 76.8
Volume (Angstrom®/atom) €11~ C12 1157 1122 85 75.3 82.1
C11 143.7 1325 130 128.1 1315
FIG. 3. Total energy as a function of volume for bulk lattice C1o 28.0 20.3 45 52.8 49.4
structures included in the fit. Lines are TB model results, and syme?, 1386  131.8 77
bols are LAPW results from the fitting database. Cas 111.9 107.2 63 68.4

(111) surface is almost entirely unaffected, as is energy and
stress of the X1 buckled dimer reconstruction of the (100) . -
surface. However, the structure of the surface dimer is iP {0 @ few tens of atoms the majority of the material is on
slightly better agreement with DFT/LDA results than the the sg.rface, with no bulk-like region at .aII. To test the trans-
conventional TB results. The (100)>2L flat dimer recon- ferability of thesp® TB model we used it to search for low-
struction energy is in much better agreement with DFT/LDA,energy structures of Ge clusters, starting from the two atom
and the surface stress changes significantly, although n@mer to a 10 atom cluster. Since there are essentially no
comparison value is available for the latter quantity. TheSymmetry constraints on cluster geometries, an exhaustive
most significant changes take place on the (110) surfac&earch for the ground-state structure for clusters beyond a
where the energy goes up by 15% and the stress drops by #W atoms is quite involved. Since we are mainly interested
order of magnitude. The bonds connecting the surface atoni§ benchmarking the performance of the TB model, we only
to the subsurface layers are now only 2.41 A long, slightlytested structures that have previously been proposed for Ge
shorter than the bulk bond length. While we are not aware oflusters. We find that for up to six atoms the TB model
any DFT/LDA or experimental data to compare to, the sur-makes significant errors, indicating that this size regime is
face stress and bond lengths from the CSC calculation areutside of the range of validity of the present parametriza-

much more plausible than the non-CSC results. tion. In particular, the range of local atomic densities, which
directly affects the on-site matrix elements, is significantly
VI. CLUSTERS lower than for the bulk geometries in the fitting database.

This could probably be remedied by a reparametrization with
One interesting class of Ge structures that is most differa fitting database that concentrated on cluster properties. For
ent from the fitting regime of the TB model is small clusters. clusters of seven to ten atoms, the results of the model are

TABLE IIl. Equilibrium total energiegeV/atom relative to the diamond structure enérggd unit-cell
volumes(in units of the diamond structure equilibrium voluyrendc/a ratios for some bulk phases of Ge
computed with the TB model, compared with our LAPW DFT/LDA calculatiam€)A, sc, sh, fcc, bcgand
literature values computed using DFT/LDO#Awvo significantly different values have been published for the
bc8 structure, as discussed in the Yekor the body-centered-tetragonal 5-at@mt-5 and the hexagonal-
close-packedhcp) structures no first-principles calculations were available. Structures used in the fitting
database are labeled with an asterisk.

B DFT/LDA
Structure E \Y c/a E \Y da
h-DIA 0.003 0.993 1.64 0.017 0.994 1.65
sc* 0.175 0.836 0.213 0.840
sh 0.189 0.834 0.95 0.168 0.805 0.94
B-Srft 0.216 0.822 0.535 0.182 0.822 0.547
fcc* 0.224 0.809 0.260 0.812
bcd 0.231 0.916 0.125,0.033 0.915,0.881
bct-5 0.279 0.912 1.81
bec* 0.283 0.790 0.302 0.814
hcp 0.306 0.928 0.794

8 DA from Ref. 58.
bLDA from Refs. 28 and 29.
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TABLE VI. Surface energiesin eV/1x1 cell) and geometries

Onoo.".'.' ' 'LE . K
LR siseep e 88 for the Ge TB model, the Ge TB model with charge self-consistency
§ ‘;7/‘ e L\7f( (CSO, and DFT/LDA calculations. DFT calculations for (100) sur-
S 6 ADEN ] face from Refs. 33,35-37, and (111) surface from Ref. 34. For the
E 590 . ? ] (100) surface, the direction is parallel to the dimer bond, and for
T 4t L° . ‘: K . ] the (110) surface the direction is normal to the surface bond
3 I3 . ..0“‘;4?: MRS zigzag rows.
(1) L . . ‘ TB  TB-CSC DFT/LDA
L AT A XSK = T (100)
FIG. 4. Phonon frequencies for Ge computed with $ipé TB E(1x1) 1.93 231
model(solid symbol$ compared with DFT/LDA resulttopen sym- 4 (1x1) 2.65 —0.03
bpls) from Ref. 63 and experimental results at 80 K from Ref. 64 Ty (1X1) 2.65 —0.03
(lines). E(2x1) flat-E(1x1) —0.37 —0.69 —0.45t0—0.68
(2% 1) flat 0.39 0.42
reasonable. We list the tested structures, as well as previousdy, (2x 1) flat -0.60 -0.27
published results with other TB mod2R® and first- E(2X1) buckled-flat ~ —0.31 —0.30 —0.12t0—0.17
principles result$;*° in Table VII. o,,(2x 1) buckled 0.76 0.81
The Ge cluster is stable in the previously preseni2g, oyy(2X 1) buckled -023 -0.23
symmetry pentagonal bipyramid structure. There is less coryx 1 puckledr (A) 2.60 256 2 48-2.54
sensus on the ground-state structure of thg Gester. We 51 pyckleds (°) 19.5 18.44 13-19
tested the edge capped pentagonal bipyraftabeled C, (111)
(1)],>*the distorted octahedron face capped on two adjacen ;1 151 155 1.40
faces withC, symmetry>®° the face capped pentagonal bi- o (1X1) 035 -032 _0.73
pyramid[labeledC (2)],>*%and theC,;, symmetry distorted EI(|2><2) T, 111 117 1.20

octahedron capped on two diametrically opposed fatese g (2x2) T 0.64 0.68 143
ii 4 ' - ’

obtain the edge capped bipyramid as the ground state, esse]%zXZ) H 1.20 126
tially degenerate with the octahedron capped on adjacen K ' '
faces. This result is consistent with the TB model of Zhao”(?*2) Ha 0.34 0.39
et al® and the DFT/LDA work of Luet al,%® although it =(2X2) Bz 1.34 1.39
conflicts with the AIMPRO first-principles code results of (110)
Sitchet al3 E(1x1) 2.73 3.18
A large number of structures have been proposed for th€x(1%1) -7.11 0.19
Gey cluster, most in aC,, symmetry. They comprise the “yy(1%1) -193 -1.03

distorted tricapped octahedrp@,, (1)],3*°the distorted tri-
capped trigonal prisiC,, (2)],% the capped tetragonal anti- . ) _ o .
prism[C,, (3)], the pentagonal bipyramid capped on adja-Picapped pentagonal bipyramid. While this is not in agree-
cent faces C.),>® and the capped distorted tetragonal prismme”t with the DFT/LDA calculations, it is an error compa-
[C,, (4)].5% Since first-principles calculations were avail- rable to the work of Zhaet a_I.Who specifically tailor their
able for only a few of these structures, we used Ayt 1B model for cluster properties.

plane-wave pseudopotential DFT/LDA code to compare on For the Geg cluster we considered three structures, the
equal footing these five structures. We used a Troullierfetracapped trigonal prism with symmet@, ,>**the bi-
Martins nonlocal pseudopotential, a plane-wave energy cutcapped square antiprism with,q symmetry;® and the tet-

off of 20 Ry, a cubic periodic supercell 11.2 A on a side, andracapped octahedron wiffy symmetry’ We get nearly de-
sampled the BZ at a singlk point with reciprocal-lattice ~generate energies for the tetracapped trigonal prism and the
coordinates oft:1. We get two nearly degenerate ground- bicapped square antiprism structures, with the tetracapped

state structures, the distorted tricapped octahedron and ti¢tahedron slightly higher in energy. This is a different
ground state than either of the two predicted by the first-

principles calculations, but quite similar to the TB model of
Sitchet al.

Overall, the results of ousp® TB model for clusters are
reasonable, although not perfect. It is inaccurate below seven
atoms, but in the seven to ten atom range it is as good as

TABLE V. Point defect formation energigainrelaxedE? and
relaxedE;) computed with the TB model, and DFT/LDA calcula-
tions from Refs. 32 and 62.

0
Ei E DFT Ev other TB parametrizations available in the literature. This is
\Y, 4.6 3.6 1.9 despite the use of only bulk structures in our fitting database.
I 3.1 2.5 3.2 For larger clusters, which have a more bulklike structure, we
Iy 5.6 4.4 2.9 expect that our TB model will be even more accurate. In
110 4.3 3.3 23 addition, previous experience with the fitting of parameters

for the NRL-TB method suggests that refitting with a data-
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TABLE VII. Symmetries and cohesive energiéa eV/aton) of Ge clusters with seven to ten atoms,
computed by our TB moddINRL-TB), three other TB model&he work of Menon from Ref. 5, labelled
MTB, the work of Zhaoet al. from Ref. 6, labelled ZTB, and the density-functional TB work from Ref. 3,
labelled DFTB and three first-principles calculatioisimpro, DFT/LDA). Negative numbers indicate co-
hesive energy relative to lowest energy structure found by the same method.

Sym. NRL-TB®® MTB®  zTB® AIMPROY  DFTB® LDAf LDAY
Ce Dsp 2.91 3.19 3.09 —0.000 —0.000
Gg Cs (D) 2.87 3.17 3.05 —0.010 —0.003 3.685
Gg C, 2.87 —0.036 —0.000 —0.003
Gg Cs (2 2.82 —0.000 —0.056 —0.004
Ge; Con 2.73 -0.08 —0.004
Geg C,, (1) 3.03 —0.156 -0.167 —0.009 —0.000
Geg C,, (2 2.84 —0.000 —0.000 —0.058
Gey C,, (3) 2.79 -0.091
Ge Cs 3.03 3.25 3.12 —0.000
Ge C,, (4 2.92 —0.06 3.791 —0.000
Geyo Ca, 3.08 3.32 3.17 +0.000
Geyg Dag 3.09 -0.16  —0.030  —0.000
Geyg Ty 2.95 —-0.000  —0.166
3Present work. ®From Ref. 3.
From Ref. 5. fFrom Ref. 39.
°From Ref. 6. 9Present work.
9From Ref. 3.

base that emphasizes cluster properties could yield improvemiean-squared displacement is plotted in Fig. 5, together with
accuracy for cluster®-42 experimental data derived from Debye-Waller factor
measuremerf The TB model results have a slope that is
about 35% smaller than experiment. At higher temperature
VII. FINITE TEMPERATURE PROPERTIES the anharmonicity of the potential allows for larger mean-
All of the properties discussed so far are related to enersquared displacements than a simple linear extrapolation
getics and structures at zero temperature, or to infinitesimayould predict. .
displacement from these geometri@sg., the phonons and ~ The nearly linear dependence of the mean-squared dis-
elastic constanjsSuch properties can be computed using atplgcement on temperature up to 2000 K indicates that'even. at
the most a few tens of force evaluations of a unit cell ofthis high temperature, the solid has not melted. While this
about two hundred atoms. The computational efficiency of€mperature is significantly above the experimental melting
the TB model allows us to exceed the limitations of standard?0int, this amount of overheating is not unusual for a simu-
DFT by easily performing molecular-dynamiésiD) simu- lation of a.perfect periodic solith. Nevertheless, the mean-
lations that provide us with information about finite tempera-Sauared displacement can be related to the melting point
ture propertie4®> As an example, we compute the mean-

squared displacements of the atoms and the coefficient of 0.14 | ]
thermal expansion for the diamond lattice as a function of 0.12 | /
applied temperature. — 01}
We perform a series of MD simulations using a diamond Tf( 0.08 |
structure 686 atom unit cell, a>X77 X7 supercell of the 2 S 0.06 t
atom fcc primitive unit cell, at temperatures ranging from V'o0.04
100 K to 2000 K, using 2-fs time steps. To set the tempera- 0.02 |
ture we initialize the velocities of the atoms to values se- 0

0 500 1000 1500 2000

lected randomly from a Boltzmann distribution consistent TK

with twice the desired temperature, and perform a constant
energy constant volume simulation. After about 200 time gy 5 Mean-squared displacement during MD simulation as a
steps for equilibration, the temperature stabilizes at half thgynction of temperature. Solid symbols are MD simulation using the
initial value (due to the equipartition theorem half of the 1B model, the line is a fit through the low temperat(u to 600
initial energy, which was all kinetic, is converted into poten- K) data, and open symbols are experimental data from Debye-
tial energy. We then track the atomic trajectories for 1800 waller factor measurementRef. 44. The horizontal line indicates
time steps, and compute the mean-squared deviation of the mean-squared displacement of 0.13 times the bond length,
atomic position averaging over all atoms and time steps. Thisquared.
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, modulus at this pressure is 62.3 GPa, 6.5% lower than the

] T=0 value of 66.6 GPa. Using the values®fat 0 K and

1000 K we assume a linear variation Bfwith T. With this

approximation forB(T) we compute the thermal expansion,

plotted in Fig. 6, along with experimental d&fThe transi-

tion in the experimental results from a linéadependence at

Exper, — M. high T to a higher-order dependence at Idwis caused by

0 : P the increasing importance of the quantum-mechanical nature
0 400 800 1200 1600 2000 of phonons at lowT.?! Since MD describes the nuclei as

T(K) classical point masses, a comparison with experiment is only

meaningful at temperatures above the Debye temperature

FIG. 6. Linear thermal expansion during MD simulation as a .~ 52 .
function of temperature. Solid symbols are MD simulation using the®'3_360 K>7In this range the agreement between the

TB model, and open symbols are experimental dRef. 50. slopes of the _experimental and s_imulated curves is very
good. Using a linear least-squares fit, the slope of the experi-
through the Lindemann criterion, which states that the solignéntal data is 7.18 10 iof’/K' while the slope of the simu-
will melt when the root-mean-squared displacement is apl@tion results is 7.34 10" "%/K, a deviation of only 3%.
proximately 13% of the bond lengffiThis point is indicated
by a horizontal line in Fig. 5. This value corresponds to a VIIl. TWIST GRAIN BOUNDARY PROPERTIES
temperature of about 1560 K, somewhat above the experi-
mental melting point of 1210 K’ In contrast, extrapolatinga  The most technologically important use for semiconduc-
linear fit through the low-temperature results predicts thdor materials is in the production of electronic devices, where
melting point at about 1990 K. This discrepancy highlightsmaterial defects can have significant effects. While point de-
the need to include the full anharmonicity of the interatomicfects (vacancies and interstitialsand line defectgdisloca-
interactions when considering finite temperature propertiestions) have been studied extensively using atomistic simula-
Another finite temperature property that can be computedions with quantum-mechanical force calculations, grain
easily using a molecular-dynamics simulation based on TEPoundaries(GB), a type of planar defect, have not. There
forces is the thermal-expansion coefficient. We have combave been a few simulations using both first-principles and
puted this property using the same trajectories from thélght-blndlng methods, but these have all been limited by the
simulations of the atomic vibrations discussed above. Durindggrge system sizes and structural complexity inherent to the
each trajectory we compute the mean pressure in the sampfeB geometry. A number of studies of a particular high angle
by averaging the values of the presstreluding both the ~ Ge twist GB have been performed using DFT/LBA but
kinetic and potential componefit$9 sampled every 100 because of the computational demands of the method they
time steps(after the initial 100 time steps of equilibratipn Were limited to a coarse exploration of the configuration
From the tabulated values of pressure as a function of tenfpace. In their examination of tie=5(001) twist GB their
perature at constant volume we compute the equilibrium volmain conclusions were that a number of low-energy struc-
ume at each temperature. In this calculation we assume thires exist for the boundary, all of which include some atoms
the deviation from the equilibrium volume is small, so thatwith coordination other than four, and that these broken
the sample is in the harmonic regime. With this approxima-bonds create defect states deep in the gap. In contrast, a
tion, the difference between the simulation volume and théelated study of & =5(310) tilt GB in silicon using a semi-

ALyL, (%)
o
[s ]

finite temperature equilibrium volume is empirical TB model found only shallow states in the gap
near the valence- and conduction-band edgds.that TB
P(T) study the absence of states deep in the gap, which was at-
AV(T)*VOWv tributed to the perfect fourfold coordination of the atoms in

the boundary, was used to support the idea that GB electrical
whereV is the zero-temperature volum@(T) is the pres- activity is not intrinsic, but is instead related to GB defects or
sure at temperatur€ andB is the bulk modulus. Since the impurities.
volume differences are small and the volume scales as the In this section we present our study of the same high
cube of the length, the corresponding linear thermal expanangle twist GB previously studied in the DFT/LDA work

sion is mentioned above, using a combination of the two TB models
presented earlier. We use thg® model, optimized for total-
AL(T) 1 AV(T) energy calculations, to systematically explore configuration
Lo 3 Vo space and compute relaxed geometries and energies. We then

use thesp’d® model, optimized for band-structure proper-
While we have calculated the bulk modulusTat 0, to  ties, to examine the band structure of the relaxed GB struc-
compute the thermal expansion we also need at least an eses. We use the same basic geometry used in Ref. 56, with
timate of the variation of the bulk modulus wifh To deter-  an in-plane unit cell determined by the coincident site lattice
mine this variation we computed the pressure at 1000 K in &CSL) unit cell, a J5x 5 supercell of the fundamental
system with a 3.1% lower volume. A pressure difference be{100) surface X 1 unit cell. The calculation is carried out in
tween the two volumes of 1.93 GPa indicates that the bulla 70 atom supercell consisting of two grains, one with six
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FIG. 8. Electronic density of states for the lowest energy GB

structure(dashed ling and bulk diamond structure Ge calculated

using thesp®d® TB model. Energies are measured relative to the
bulk conduction-band maximum.

lowest energy configuration, at (0.1,0.0) of the CSL lattice
cell, is shown in Fig. 7 The same geometrical features seen
in the DFT simulations, primarily free-surface-like intralayer
dimers, dominate the relaxed GB structures. While this is not

FIG. 7. Visualization of the lowest energy grain-boundé®B) the same initial translation that led to the IowesF energy
structure, showing features such as surface dimers but no coordindtructure in the work of Tarnowt al., the difference is un-
tion defects despite the low symmetry of the GB. View is along thelikely to be significant. We use a slightly different relaxation
(001) direction, atom color indicates the two grains, and size indiforocedure, and the complex topology of the potential-energy
cates distance along viewing direction. The square indicates theurface means that even tiny differences in computed forces
CSL unit cell. can lead the relaxation algorithm to a different minimum.
layers and one with eight layers, with five atoms in each Erom the trough in the paw-correlqﬂon function we car:&
layer, with two special integration points in the Brillouin deflne a'dlstance cutoff for nearest .ne|ghbors at qboth.O '
zone. Using this cutoff we have characterized the coordination sta-

We sample the configuration space by generating a |arggstics of _each (_)f the fifteen local minima. In the Iovyest er_1-
number of initial GB geometries in the displacement site®9Y configuration, as well as three other configurations with

complete(DSC) unit cell. Since the TB approach is not as significantly higher energie(:ﬁ)..86 to 1.13 eV/_CSL unit cell
computationally demanding as DFT/LDA, we generate a o@ll atoms are fourfold coordinated. The existence of such a
% 10 mesh in the DSC cell, a much denser sampling than thétructure with no coordination defects is unexpected consid-
4x 4 sampling used in Ref. 55. Each configuration is ther€ring the low symmetry of the GB structure. The other con-
relaxed with respect to atomic positions and unit-cell sizefigurations range from two to four miscoordinated atoms,
normal to the interface in a four step process. We begin bynainly threefold, but a few fivefold as well. It is interesting
generating a GB with the correct relative angle and in-plandhat the absence of coordination defects is not well correlated
displacement between the two grains, and some excess intd¥ith a low GB energy.
layer spacing at the GB relative to the bulk value. This is One of the important properties of GB's, the nature of the
needed to prevent atoms from coming closer together tha@lectronic states associated with them, has been attributed to
the distances sampled in the fit of the TB model, a situatiorihe presence or absence of coordination defects in the struc-
that would correspond to unphysically high energies in anyure. For example, the TB simulation of tle=5(310) tilt
case. The initial GB is relaxed by applying uniaxial pressureGB with perfectly fourfold coordinated atoms shows only
to the sample normal to the GB, and keeping each five atorghallow states! while the DFT/LDA simulation of theX
layer rigid but allowing it to move perpendicular to the GB. =5(100) twist GB has coordination defects and deep
Further relaxation is achieved at zero applied pressure withtates® To examine the correlation between structure and
constraints on two bilayers in the middle of each grain thagap states, we have calculated the electronic density of states
allows them to move rigidly normal to the interface. In the (DOS) using a BZ sampling of 32 specillpoints (a 4x 4
final relaxation step the central bilayers are constrained ta<2 mesh in the full BZ and Gaussian broadening of 0.02
translate rigidly both normal to and in plane. eV. We find that all of the relaxed GB structures have sig-
The qualitative results are similar to the DFT/LDA calcu- nificant densities of states deep in the gap. In Fig. 8 we plot
lations. The GB energies range from 6.44 to 8.01 eV/CSlthe DOS of the lowest energy GB structure, where all atoms
unit cell. These energies are comparable to the DFT/LDAare fourfold coordinated. The gap, which extends from about
results where the GB energies range from 5.79 to 7.04 eW.0 to 0.65 eV, is clearly seen in the bulk diamond lattice
CSL unit cell. The denser mesh of initial configuration in theDOS. In the GB sample there are states throughout that en-
DSC unit cell generates a larger number of distinct minimaergy range. This indicates that even with a perfectly con-
than the seven considered by Tarnewal, fifteen in all. The  nected bond network defect states can exist deep in the gap.
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IX. SUMMARY we have performed molecular-dynamics simulations using
o TB forces to compute some finite temperature properties that
eyr\llwzr:]iﬁ\rf uds(iar\qlekt)rfeeclj\lIt?V\II_?T-I;BamOrgZLEa:;Z]ect)nfizrir:licz)gz ::giwould be impractical to compute with first-principles ap-
tgotal—ener calc%lations and onep?or ele(;tronic sF;ructure Calproaches. We find good agreement with experiment for the
. 9y e . . atomic mean-squared displacement as a function of tempera-
culations. The total-energy optimized model, which was fit- I h It ; ; df hi ;
ted to energies and band structures of a few high-symmetrtur.e' as we ‘fiSt ¢ me tmg pqmt estimated from this quantity
Msmg the Lindemann criterion. We also get a thermal-

lattice structures, is transferable to a wide range of geom: . S , .
etries. It has been tested for the energetics of other pul™Pansion coefficient in good agreement with experiment

structures, elastic constants and phonons, point defects, an Finally, we take advantage of the transferability of the TB
’ P P ' ngodels to a wide range of geometries combined with their

surface properties, and_ln_nearly CVery case gives very goongility to give electronic structure information to study a
agreement with first-principles calculations. These CaICU|ahigh angle twist grain boundary. We get qualitative agree-

tions mclqde some properties th"’.‘t have not bgen S'.mmatel%ent with previous DFT/LDA calculations in the energetics
before using a quantum-mechanical method, including sur-

-~ of the grain-boundary structure, and we find a fully fourfold
face stresses for several (100) and (111) reconstruction ; P ) ;
and the energies of the; andB, 2x 2 adatom reconstruc- Roordinated minimum energy structure. For all of the stable

. structures we find electronic states in midgap, which would
tion of the (111) surface and the unreconstructed (110) SUlcad to electrical activity for this type of boundary. This

face.. We have found that the .add!tlon of charge_ S.elf'stands in contrast to previous TB modeling of high angle
consistency terms to the Hamiltonian make negligible

difference to the results for the bulk and point defect proptW|st boundaries, where the fully fourfold coordinated struc-

. . _“ture created only shallow states near the band edges.
erties, but can strongly affect surface properties. In particu-

lar, the (110) surface geometry and stress are completely
changed by the addition of charge self—cp_nsistgncy. _ ACKNOWLEDGMENTS
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